Abstract. This paper presents numerical and experimental results on the use of guided waves for structural health monitoring (SHM) of crack growth during a fatigue test in a thick steel plate used for civil engineering application. Numerical simulation, analytical modeling, and experimental tests are used to prove that piezoelectric wafer active sensor (PWAS) can perform active SHM using guided wave pitch-catch method and passive SHM using acoustic emission (AE). AE simulation was performed with the multi-physic FEM (MP-FEM) approach. The MP-FEM approach permits that the output variables to be expressed directly in electric terms while the two-ways electromechanical conversion is done internally in the MP-FEM formulation. The AE event was simulated as a pulse of defined duration and amplitude. The electrical signal measured at a PWAS receiver was simulated. Experimental tests were performed with PWAS transducers acting as passive receivers of AE signals. An AE source was simulated using 0.5-mm pencil lead breaks. The PWAS transducers were able to pick up AE signal with good strength. Subsequently, PWAS transducers and traditional AE transducer were applied to a 12.7-mm CT specimen subjected to accelerated fatigue testing. Active sensing in pitch catch mode on the CT specimen was applied between the PWAS transducers pairs. Damage indexes were calculated and correlated with actual crack growth. The paper finishes with conclusions and suggestions for further work.
Introduction
The current stage of bridges in the United States calls for the implementation of a continuous bridge monitoring system that can aid in timely detection of damage and help extend the service life of these structures. A typical monitoring system would be one that enables non-invasive continuous monitoring of the structure. Structural health monitoring (SHM) is an emerging technology that can be used to identify, locate, and quantify damage in a structural member or system before failure occurs. Passive SHM monitors acoustic emission (AE) that arrives as guided waves generated by the crack opening in thin wall structures. AE occurs due to stress waves generated when there is a rapid release of energy in a material during a fatigue crack test. Active SHM systems using interrogative Lamb waves are able to cover large areas from a single location Corresponding author, Post-doctoral Research Fellow, E-mail: matthieu@mailbox.sc.edu making such systems cost effective and efficient. Another advantage is that high frequency Lamb waves also provide through-the-thickness interrogation which allows detection of internal defects in materials. Piezoelectric wafer active sensors (PWAS) have been used for both active and passive SHM.
Lamb wave signals are difficult to characterize because of the complex nature of the signals due to the multimodal character of the Lamb waves. Work has been done to establish analytically the dispersion curves (Lamb 1917 , Viktorov 1967 , Achenbach 1973 , Harker 1987 , Dieulesaint and Royer 1996 , Rose 1999 , to validate experimentally (Grondel et al. 1999) and to study the effect of dispersion over long distances (Wilcox et al. 2001) . The phenomena of interaction between the ultrasonic wave and the defect and/or the structure, leading to a complex signature (reflection, diffraction, mode conversion, etc.) must be simulated to compare with a specific response signal actually received by a sensor. Many authors have already investigated the interaction of Lamb modes with a single defect like crack, notch or circular cavity. Some of them used analytical (Grahn 2003) or semi-analytical (Castaings 2002) solutions. Whereas other authors (Dietzhausen et al. 1998 , Moder and Jacobs 1998 , Zak et al. 2006 , Lee et al. 2006 , Han 2007 , Liu and Giurgiutiu 2007 , Greve et al. 2008 , Yang and Hu 2008 , Wang et al. 2008 , Gresil et al. 2011a , Gresil et al. 2011b chose the finite element method (FEM) to simulate the elastic wave propagation associated with acoustic phenomena and ultrasounds problems.
In this paper, we present the work on multi-physics based FEM modeling of (1) PWAS transducers using piezoelectric element and (2) the plate using a mechanical element. This approach is also used to simulate the AE received by the PWAS. To validate the FEM approach, analytical wave propagation is developed as well. Both are compared with the experimental results. Our general approach is to first use passive AE-SHM system to detect crack propagation and then use the active SHM system (i.e., ultrasonic pitch-catch method) to quantify the growth of the crack. The originality of this approach is in using the same sensor, the PWAS, for both passive and active SHM sensing.
State of the ART

Acoustic emission from cracking
Acoustic emission (AE) is a passive SHM technique that can be used for many applications. When crack grows, energy is released at the crack tip in form of waves. AE sensors can be used to measure these waves. Several sensors in combination can be used to estimate the severity of the crack and its location. Most publications show results from fatigue cracks in bulk materials and qualitative results from real structures (Scruby et al. 1985) . However, there is limited literature presenting quantitative results from plate-like structures and a lot of the experiments are based on simulated AE sources, e.g., pencil lead breaks (Gorman and Prosser 1991) . One aim of this paper is to analyze the elastic waves generated from fatigue cracks in a thick isotropic structure for the civil engineering application. FEM can be used to model the AE waves from fatigue crack (Hill et al. 2004) and it can provide a better understanding of the AE generated from fatigue cracks in plates ).
Active SHM
Active SHM is concerned directly with assessing the state of the structural health by trying to detect the presence and extent of structural damage. In this respect, active SHM approach is similar with the approach taken by non-destructive evaluation (NDE) methodologies, only that active SHM takes it one step further: active SHM attempts to develop damage detection sensors that can be permanently installed on the structure and monitoring methods that can provided on demand structural health bulletins (Giurgiutiu 2008 ). An active monitoring system can also reduce the duration of inspection, and, as opposed to passive detection systems, it does not require continue monitoring.
Guided waves
Guided waves are very widespread in SHM applications: Guided waves are important for SHM applications because they have the particularity to travel without much energy loss over large structured areas. These properties make them well suited for ultrasonic inspection of bridge, aircraft, ships, missiles, pressure vessels, pipelines, etc. In plates, ultrasonic guided waves propagate as Lamb waves and as shear horizontal waves (SH). Ultrasonic guided waves in plates were first described by Lamb (1917) . A detailed study of Lamb waves has been given by Viktorov (1967) , Achenbach (1973) , Graff (1975) , Rose (1999) and Dieulesaint and Royer (1996) . Lamb waves are of two varieties, symmetric modes (S0, S1, S2...) and anti-symmetric modes (A0, A1, A2...). At low values of the frequency-thickness product, fd ,the first symmetric mode, S0, resembles axial waves whereas the first anti-symmetric mode, A0, resembles flexural waves. The choice of Lamb waves is justified by their many advantages; they have the power to energize the entire thickness of the plate and offer the possibility of detecting internal defects at various depths. However, Lamb waves present some difficulties: they are dispersive, and also several modes can propagate at different speeds at a given frequency. Work has been done to establish analytically the dispersion curves (Harker 1987, Dieulesaint and Royer 1996) , to validate the results experimentally and to study the effect of dispersion over long distances (Wilcox et al. 2001 ). Lamb wave propagation was used by many authors (Alleyne and Cawley 1992 , Mal and Chang 1999 , Lemistre and Balageas 2001 using piezoelectric disks as transmitters and receivers to measure the changes in the signal received from a structure having a defect. This method has proved good efficiency for detection of cracks, holes, corrosion in metallic materials. However the signal processing is complex due to multiple reflections. Today the majority of work concerns the propagation of Lamb waves in thin structures. Regarding the interaction of Lamb waves with different types of damage, many experimental studies are: detection of impact (Frankenstein et al. 2006) , cracks (Grondel et al. 2002) or corrosion (Titry et al. 2004) . For this reason it is very important to study the Lamb wave propagation in thick steel plates to understand the difficulties in analyzing these waves.
Analytical modeling
The analytical modeling is carried out in frequency domain, and could be described by four steps: (i) The excitation signal G  is the frequency-dependent structure transfer function that affects the wave propagation through the medium. In this paper, the main interest is on symmetric fundamental Lamb wave mode (S0) and anti-symmetric fundamental Lamb wave mode (A0). This approach is a 2D plane strain problem and the PWAS transducer is simplified as surface force loading. For Lamb waves with only two modes (A0 and S0) excited, the structure transfer function   G  can be expressed as (Giurgiutiu 2008) 
where a is the half length of the PWAS, 2d is the plate thickness , 0  is the shear stress between PWAS and the plate,  is shear modulus, 
After getting the wave speed dispersion curve, the wavenumber for each frequency component
is known. Thus, all the terms involved in the plate transfer function could be solved, and the plate transfer function () G  is obtained. After the plate transfer function () G  is obtained, the excitation signal is Fourier transformed. 
Finite element modeling
2D FEM modeling of guided wave propagation
A theoretical solution for the magnitude of frequency contents of S0 and A0 wave packets could be derived from Eqs. (4) and (5) after discarding the factor which does not influence amplitude relation
So, the amplification coefficients for each package are
The amplification coefficients are directly related to the PWAS size a, material properties, plate thickness and the corresponding frequency.
The Fig. 1 represents the amplifying coefficients S C and A C versus the frequency. We can observe that these curves are very similar to the tuning curve discussed by Giurgiutiu (2005) and Santonai-Bottai et al. (2007) .
A theoretical solution is obtained for a 150 kHz Hanning window modulated sine tone burst excitation signal by a 7-mm PWAS transducer coupling with a 1-mm thick Aluminum plate. The frequency contents of A0 and S0 pitch-catch signals are shown in Fig. 2 . When modeling by finite element and analytical model simulates the PWAS transducer by a single point force, i.e., 0  a , the frequency shift becomes zero. In the context of wave propagation FEM modeling, the choice of the solving technique, mesh density and time step influences the successful outcomes of the exercise but also the level of accuracy with which the phenomenon is represented. For time domain models solved with an explicit solver, we investigate the influence of the mesh density for linear quadrilateral elements for both A0 and S0 modes waves using the commercial software ABAQUS. Both S0 and A0 wave generations excited by a pair of self-equilibrating nodal forces are considered. The distance between the nodes where the two forces are applied corresponds to the PWAS size. The time domain excitation signal considered in our studies consisted of a 150 kHz three-count tone burst modulated through a Hanning window. The distance between the transducer and the receiver is 100 mm. The mesh density is expressed as NL   in terms of elements per wavelength, where λ is the wavelength and L is the size of the FEM element. Fig. 3 highlights the strong influence of the mesh density on the group velocity error for the A 0 mode. The curve shows how the error varies from a value of about 9% for 15 N  to a value of 0.2% for 254 N  . For the fundamental symmetric mode S 0 , the error varies from a value of about 2% for 20 N  to a value of 0.15% for 120 N  . As mentioned previously, the mesh density value has a great impact on the computational model size and therefore the amount of memory required solving the model. A comparison of the analytical modeling, the finite element modeling, and the experimental results for a 1-mm thick aluminum plate with 100-mm PWAS distance for a frequency of 150 kHz is shown in Fig. 4 . S0 and A0 mode wave packages can be observed. The wave speed of S0 mode is higher than the A0 mode, so the S0 wave packet is picked up earlier than the A0 wave packet. Since the excitation signal has a center frequency of 150 kHz, we would have thought that the center frequencies of the S0 and A0 wave packets are also 150 kHz. In fact, as shown in Fig. 5 , this is not the case. We note that the center frequency of the A0 packet undergone a shift towards lower frequencies while the S0 packet undergone a shift towards higher frequencies. This phenomenon is due to the tuning curves and the amplification coefficients as explained in the Eq. (10) and the Fig. 4 . 
3D FEM modeling of guided wave propagation
In SHM applications, the fundamental anti-symmetrical mode (A0) is often preferable and more sensitive to damage because its wavelength is shorter than that of the S0 mode at a given frequency.
However, the A0 mode exhibits more dispersion at low frequencies. The FEM simulation of the A0 mode requires fine spatial discretization with substantial computational cost because of the short wavelength. In contrast, the mode shapes of the S0 mode are simpler and the stresses are almost uniform throughout the thickness of the plate at low values to the frequency-plate thickness product (Lowe and Diligent 2002) . For these reasons, both the S0 and A0 modes were selected in this study to evaluate the interaction of Lamb waves with a hole.
We modeled the guided wave generation and reception with a PWAS network in a rectangular 12.7-mm thick steel plate containing a through-hole defect (Fig. 6(a) ). We used the ABAQUS/explicit solver because it gives a better trade-off between accuracy and computation time. The piezoelectric element does not exist in ABAQUS/explicit; hence we applied 12 self-equilibrating forces as shown in Fig. 6(b) to simulate the wave excitation. A 3-count smoothed tone burst with a central frequency of 141 kHz was used to modulate the excitation. (This frequency corresponds of the best experimental damage detection configuration for this type of defect and plate thickness). The excitation was applied to PWAS P0 and received by PWAS P4 (Fig. 6(a) ). The wave reception was modeled by monitoring the radially resolved surface strain r  at the center of the receiver PWAS. Fig. 7 shows the analytical and FEM simulations compared with experimental measurement at PWAS P4. The first wave packet corresponds to the S0 mode. A very good agreement is observed between the experimental and the FEM results. The analytical solution is not as good; this may be due to the fact that the analytical model is only a 1D model. The second wave packet corresponds to the A0 mode. Here, we observe a very good agreement between the analytical results and the FEM results. But we observe a time shift between these two results and the experimental result. This may due to the fact that we used a circular PWAS in the experimental tests but a square PWAS in FEM simulation. The signal predicted on the pristine plate is compared with the signal modified by the presence of through hole placed between transmitter and receiver. Five holes sizes were considered, 2, 4, 5.9, 7.9, and 9.5 mm. The results for 7.9 mm and 9.5 mm holes are given in Figs. 8(a) and 8(b) , respectively. The experimental results are given in Fig. 9 . The hole effect on the signal consists of phase shifts and amplitude decreases. In order to have a system able to evaluate in real time, in situ, the health of the structure in an automatic way, it is necessary to define a damage index (DI). We chose the DI defined by Zhao et al. (2007) which gives quite reproducible results and is easy to implement. 
where XY C is the covariance of X and Y given by
In Eq. (13),  the mean of the respective data set and K is the length of the data set. In this case, the data set X is the reference data (baseline) and Y is the new data recorded after a period of service time; X  and Y  are the standard deviations of x and y , respectively, with their product given by
This DI was used to detect the hole defect and track its growth in order to compare the experimental and the FEM results. The DI was calculated for different stages of the defect growth. Fig. 10 shows the DI as the diameter of the hole increased from 2 mm through, 4, 6, 7.9 and 9.8 mm. The DI increased with the increase in the defect severity. A very similar slope of the curve is observed between the FEM approach and the experimental results. 
Acoustic emission simulation
Simulation of AE was realized using the ABAQUS/implicit software which has multi-physics piezoelectric elements. FEM modeling was used to simulate the elastic wave emitted by the fatigue crack growth. These can be used to compare with the results obtained from the experiment. The dimensions of the plate used for the modeling are shown in Fig. 11 . Eight nodes linear piezoelectric brick were used to simulate the PWAS. Implicit solver methods of solution are used.
We explored the use of multi-physics finite element method (MP-FEM) to model the reception of the elastic wave as electric signal recorded at a PWAS receiver (R-PWAS).
The physical properties of the PWAS disks are assumed as   The maximum frequency of interest was chosen at around 500 kHz. For500 kHz, a time interval of 0.1 μs and an element size about 0.5 mm in the steel plate are required to achieve 20 N  . A step excitation was used as shown in Fig. 12(a) . To simulate the energy released by the crack a two-point source force was applied at 0.5 mm from the crack tip as shown in Figs. 12 (b) and 12 (c). , most of the wave has reflected from the edges of the plate.
The simulated AE signal caused by the crack tip excitation as captured at the R-PWAS is shown in Fig. 14 To better understand this signal, we used the discrete wavelet transform (DWT). The DWT of a time signal s(t) is the result of the convolution product between the signal s(t) and a family of "daughter wavelets" (Morlet et al. 1982) i.e. ,, 0
The main particularity of the DWT is that the result obtained with each daughter wavelet corresponds to the time behavior of the signal in a frequency band corresponding to dilatation factor m. Each response is called the decomposition level. A number of different bases have been proposed to construct a family of wavelets. A good solution for analysis and decomposition can be obtained with the Daubechies wavelet (Daubechies 1992) . The application of discrete wavelet analysis to the acquired AE signals resulted in its decomposition into six different levels. Each level represents a specific frequency range, and the frequency range increases with increasing wavelet level. The decomposed AE signals in level 1 to 6 are shown in Fig. 15 .
The Fourier spectrum of the Fig. 15 signals is shown in Fig. 16 . The frequency spectra for DWT levels 1 through 6 are centered at about 58 kHz, 88 kHz, 186 kHz, 518 kHz, 1 MHz and 1.48 MHz, respectively. We also investigated the effect of the frequency on the excited wave amplitude. At frequencies 58 kHz and 88 kHz (Daubechies wavelet levels 1 and 2), two modes exist ( Fig.  17(a) ), the fundamental symmetric mode (S0) and the fundamental anti-symmetric mode (A0). As shown in Fig. 17(b) , the amplitude of the A0 mode is higher than the S0 mode, and its travel speed is slower (Fig 17(a) ). At 186 kHz (Daubechies wavelet level 3), three modes exist, S0, A0, and A1; the amplitude of the A 0 and A 1 modes are much higher than the S0 mode which is close to zero. But at this frequency, the A0 and the A1 modes are faster than the S0 mode. At 518 kHz (Daubechies wavelet level 4), seven modes exist, S0, S1, S2, A0, A1, A2 and A3. So at this frequency and for the higher frequency (1 MHz and 1.48 MHz) we cannot distinguish the different wave packets and the signal processing is very complicated. We can also note in Fig. 16 that the amplitude is distributed such that it is the highest in level 1 and lowest in level 6. . This program has a Gabor function as the "mother" wavelet. The Fig. 18 shows the four lowest modes (S0, A0, S1 and A1) superposed on the CWT plot. This superposition is facilitated by an option that converts the group velocity scale to a time scale using the known propagation distance. The color scale in the Fig. 18 is a linear scale with red representating the highest magnitude region of the CWT and pink the smallest or zero-magnitude region. Clearly, Fig.  18 shows the presence of AE signal energy in portions of the four modes. The CWT shows how the signal energy is distributed as a function of frequency, time (or group velocity), and mode. Fig.  18 shows that the AE source has the greatest concentration (most red color) of energy is the fundamental anti-symmetric mode A0 in a frequency range of 50 to 120 kHz. Another large amplitude region of the CWT is the part of the fundamental symetric mode S0 and the anti-symmetric mode A1 in a frequency range 220 to 270 kHz. This demonstrates that the AE signal energy is not uniformly distributed between the modes; it is also not uniformly distributed as a function of frequency along each of the dominant modes. The above discussion proves that the waveforms features (duration time, amplitude, time-frequency spectrum) are useful to illustrate the characteristics of AE signal and distinguish the different AE signals associated with various possible failure modes in the specimens.
Experimentals results
PWAS AE detection tests on I-beam
The use of PWAS transducers as AE sensors were first investigated by comparing with a conventional AE transducer PAC R15I on an 8-mm thick steel I-beam in a laboratory environment. The two sensors were placed face to face on the opposite surfaces of an I-beam (Fig. 19) . Pencil lead breaks were made 10-mm away from the PWAS center to simulate the acoustic emission source. The recorded data were compared to investigate relative performance of these sensors. As seen in Fig. 19 , PWAS and R15I produced very similar signals. We also found that the amplitudes follow the predicted decay proportional to the inverse of the square root of the distance away from the sensor position, as shown in Fig. 20 . 
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Crack detection on compact tension specimens
Compact Tension (CT) specimens ASTM E647 made of structural steel A572 grade 50 were used in this study (Fig. 22) . The effective width of the CT specimen as defined in ASTM E647 is 9.5 inches. The thickness and notch length are 0.5 inch and 3.25 inches, respectively. The cyclic tension loads were applied to the specimen using servo hydraulic mechanical testing machine MTS 810. First, a static load was applied to the specimen. Then the tension load was applied with a minimum of 0.5 kN and a maximum of 50 kN. Fatigue tests were conducted under load-controlled mode with frequency of 1 HZ. The cracks were monitored optically with a high resolution recording microscope. Four PWAS were installed on the specimen as shown in Fig.  22(a) . A combined passive AE and active guided wave sensing were conducted to detect and quantify the crack growth. In addition, five R15I were mounted on the opposite side of the specimen to compare the AE signals received from the crack by these two different sensors. 
Passive AE sensing
To improve the signal-to-noise ratio, PAC 2-4-6 voltage preamplifier with built-in 100-1200 kHz bandpass filter were used with PWAS providing 40 dB amplifying factor. AE data was recorded and displayed through a 16-channel PAC Sensor Highway II-Remote Asset Integrity Monitor. The time driven rate was set at 100 ms, which permitted 10 data points to be collected in a load cycle for various parameters such as strain and load. The fixed threshold (trigger point) of each acoustic emission channel was 45 dB. Band pass analogue filter was set at 100 kHz to 1 MHz. For comparison, five R15I AE transducers were mounted on the opposite side of the specimen to collect AE as well.
A lead break test was performed near the tip of the crack to test whether the transducers are working properly. The comparison of crack localization analyzed by PAC AEwin software between PWAS AE sensor and R15I is shown in Fig. 22 . 1171 AE events were detected with R15I before the final failure, while 54 were detected by PWAS. From Fig. 22 (b) , it can be seen that PWAS localization is closer and concentrated around the crack tip compared with the R15I detection in Fig. 22(a) . This might be caused by the higher sensitivity of R15I, which detected both AE signals and noises. We could reduce these false alarms by increasing the threshold.
(a) (b) Fig. 22 Comparison of crack localization in CT test on 12.7 mm steel specimen, (a) crack localization by R15I and (b) crack localization by PWAS (Yu et al. 2010) 
Active guided wave sensing
Aside from the passive AE sensing, the four PWAS have also been used in active mode for guided wave interrogation actuation and reception to detect and quantify the length of the crack (Fig. 23) .
We used the DI definition described in section 4.2 Eqs. (11)- (14) to track the evolution of DI against the crack growth for path P0 to P1 (P0 being the transmitter and P1 the receiver). Fig. 24 (a) -R15I -PWAS
shows that the DI increased with crack growth when the crack is placed in the direct wave propagation path like P0 to P1. In this case the detection is possible when the crack dimension is greater than 10 mm. For the other paths, the DI also changes with crack growth, but to a lesser extent (Fig. 24(b) ). For crack lengths less than 20 mm, the DI values are "noisy" and do not present a definite indication of damage. For crack lenghts greater than 20 mm, the DI values seem to increase monotonically, indicating that 20 mm might be the detection threshold for the paths not directly traversing the crack path. 
Conclusions
This paper has presented numerical and experimental results on the use of guided waves for SHM of crack growth during a fatigue test in a thick steel plate used for civil engineering application. The capability of embedded PWAS to perform in situ NDE has been explored. Numerical simulation and experimental tests have been used to prove that PWAS can perform both
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passive SHM using AE method and active SHM using guided wave pitch-catch method. FEM codes were used to simulate the transmission and reception of guided waves in a 12.7-mm plate and their diffraction by a through hole. This simulation obtained a good match compared to the experimental results and showed that is possible to detect the scattering wave from hole in a thick plate.
AE simulation has been conducted with the MP-FEM approach in a 12.7-mm plate in the shape of the CT fracture mechanics specimen. The AE event was simulated as a pulse of defined duration and amplitude. The simulated electrical signal was measured at a receiver PWAS using the MP-FEM capability with the piezoelectric element. Daubechies wavelet transforms and their FFT frequencies was used to process the active signal in order to define and separated the different modes that composed the AE signal.
Experimental tests were performed with PWAS transducers acting as passive receivers of AE signals. The 8-mm thick flange of an I-beam was instrumented on one side with PWAS transducers and on the other side with conventional AE transducers R15I for comparison. An AE source was simulated using 0.5-mm pencil lead breaks; the PWAS transducers were able to pick up AE signals of adequate strength. Subsequently, PWAS transducers and R15I sensors are applied to a 12.7-mm thick CT specimen subjected to accelerated fatigue testing. Though both sensors were able to detect the AE sources, we found that PWAS localization is closer and more concentrated around the actual crack tip compared with the R15I detection. Active sensing in pitch catch mode was also adopted using the same PWAS transducers installed on the CT specimen. Damage indexes were calculated and correlated with physical crack growth as optically measured.
In this paper, we have also shown the contribution of the FEM simulation to the better understanding of the wave propagation in thick steel plates. This gives an added advantage when it is combined with PWAS to simulate the full propagation and detection process. The modeling process provides the potential for large cost savings and a better understanding of complex SHM problems. In the case of AE signals, the process of generation, propagation and detection is very complex. In the future, more works needs to be done on (a) calibrating the MP-FEM modeling of guided wave for accurate representation of physical phenomenon; (b) simulate the real energy release of crack growth using XFEM or VCCT model; (c) better understand the multi-modal guided wave propagation in thick steel plates and identify more effective wave-tuning methods and signal processing algorithm for damage identification and localization.
